ABSTRACT Annexin A5 (AnxA5) has a high affinity for phosphatidylserine. The protein is widely used to detect apoptotic cells because phosphatidylserine, a phospholipid that is normally present in the inner leaflets of cytoplasmic membranes, becomes translocated to the outer leaflets during programmed cell death. Here we report the novel observation that AnxA5 binds to Gram-negative bacteria via the lipid A domain of lipopolysaccharide (LPS). Binding of AnxA5 to bacteria was measured quantitatively, confirmed by fluorescence microscopy, and found to be inhibited by antibodies against lipid A. AnxA5 also bound to purified dot-blotted LPS and lipid A. Through ellipsometry, we found that the binding of AnxA5 to purified LPS was calcium dependent and rapid and showed a high affinity-characteristics similar to those of AnxA5 binding to phosphatidylserine. Ini Citation Rand JH, et al. 2012. Annexin A5 binds to lipopolysaccharide and reduces its endotoxin activity. mBio3(2):e00292-11.
nnexin A5 (AnxA5; a protein that is generally better known by its former name, annexin V) binds to phospholipids in a calcium-dependent manner and forms two-dimensional crystal lattices over the phospholipid bilayers that express phosphatidylserine (1) . AnxA5 has become a widely used marker for detecting apoptotic cells because phosphatidylserine, which is normally localized within the internal leaflets of cytoplasmic membranes, is expressed on the cell surface during programmed cell death (2) (3) (4) .
The biological function of AnxA5 has not been established. The protein is highly expressed by cells that serve a barrier function, including vascular endothelium cells and placental trophoblasts (for a review, see reference 5). A main focus has been on the protein's anticoagulant properties, which result from its high affinity for anionic phospholipids (6, 7) . There is significant evidence that the protein serves an antithrombotic function on vascular endothelial cells and placental trophoblasts since autoantibodymediated deficiencies are associated with vascular atherothrombosis (8, 9) and with recurrent pregnancy losses (10) (11) (12) . In addition, AnxA5 has been shown to modulate tissue factor expression (13) , to promote endocytosis (14) , and to participate in cell protection from engulfment by phagocytosis (15) . However, the fact that the protein is highly expressed by cells that have a barrier function but do not play any role in blood coagulation-such as biliary, pancreatic, salivary, and renal ductular epithelial cells (16) and mammary epithelium cells (17) -suggests that it may serve other functions.
Lipopolysaccharide (LPS), a complex lipoglycan that is expressed in the outer membrane of Gram-negative bacteria, is the key molecule responsible for the clinical manifestations of Gramnegative sepsis and septic shock. The lipid A domain, which is mainly responsible for the endotoxin effect of LPS (18) , is highly conserved across bacterial species. LPS activates the host defense response through the binding of the lipid A domain to a receptor complex that includes Toll-like receptor 4, CD14, and MD2 (19) on monocytes and other cell types which, in turn, triggers the innate immune response which is characterized by secretion of proinflammatory cytokines such as tumor necrosis factor alpha (TNF-␣).
In view of the interesting evidence that suggests a potential role for bacteria in triggering disorders that have an autoimmune component-e.g., the antiphospholipid syndrome (20) and heparininduced thrombocytopenia with thrombosis (21)-we wondered whether bacteria might also bind AnxA5. To our surprise, we found this to be the case for Gram-negative bacteria but not Gram-positive bacteria. We found that AnxA5 binds to the lipid A portion of LPS and intact LPS. Furthermore, we demonstrated that, similar to the binding of AnxA5 to phospholipid, the binding of AnxA5 to LPS is rapid, shows a high affinity, and is calcium dependent. Finally, in initial studies to evaluate the possibility of functional implications, we showed that AnxA5 binding can also reduce endotoxin effects of LPS.
RESULTS
AnxA5 binding to bacteria. Pure cultures of bacteria were screened for AnxA5 binding activity using a standard fluorescence-tagged AnxA5 protein that is used to detect apoptotic cells. We found that Gram-negative bacteria, including Pseudomonas aeruginosa, Shewanella putrefaciens, and Haemophilus influenzae, bound the protein in the presence of calcium but not in its absence, while there was no appreciable binding to Grampositive bacteria, including Enterococcus faecalis, Streptococcus pyogenes, and Streptococcus agalactiae (Fig. 1A) .
These quantitative results were confirmed by fluorescence microscopy of the bacteria (Fig. 1B, parts a, b, and c) . The apparent specificity of the binding to Gram-negative bacteria suggested that the binding site for AnxA5 might be LPS. If that were the case, we suspected that binding might occur via the highly conserved lipid A domain of LPS because that domain shows some of the structural features of anionic phospholipids (22, 23) . Those ideas were supported by our finding that polyclonal antibody against lipid A blocked the binding of AnxA5 to Gram-negative bacteria (Fig. 1B , parts d, e, and f). In addition, in studies described below, we demonstrated that AnxA5 binds directly to purified LPS and to purified lipid A.
AnxA5 binding to LPS. We used ellipsometry, an established precise and quantitative method that has been useful for measuring the adsorption of proteins to phospholipids (6, 24, 25) , to monitor the adsorption of AnxA5 to LPS that had been mounted on reflective silicon slides. AnxA5 bound to LPS almost immediately, with maximal binding achieved within 5 min (Fig. 2A) . The results of the ellipsometry experiments showed that AnxA5 bound LPS in the presence of ionized calcium but not in its absence ( Fig. 2A) . In addition, after binding to LPS, AnxA5 was rapidly dissociated when the calcium chelator EDTA was added ( Fig. 2A) . Binding isotherms confirmed the binding to have a high affinity with an equilibrium constant, K D , for AnxA5-LPS interaction of 19.4 Ϯ 4.8 nM (P ϭ 0.007) (Fig. 2B) .
Experiments with purified LPS dot blotted onto membranes confirmed that soluble AnxA5 bound to LPS in the presence of ionized calcium but not in its absence (Fig. 3A) . Furthermore, as with intact Gram-negative bacteria, preincubation of purified LPS with antibody against lipid A blocked the binding of AnxA5 (Fig. 3B) .
Effects of AnxA5 on LPS endotoxin activity. We performed initial proof-of-principle studies to evaluate whether this binding might modulate LPS activity. We investigated the effect of AnxA5 binding with the standard Limulus amebocyte lysate (LAL) assay (26) , with measurements of the release of TNF-␣ (27, 28) from cultured macrophages stimulated with LPS, and with assays of serum TNF-␣ levels in mice that were intravenously infused with LPS. AnxA5 neutralized LPS activity in the LAL assay; gel formation induced by 0.05 ng/ml LPS was completely inhibited by AnxA5 at 10 ng/ml (Table 1) . Similarly, AnxA5 reduced the macrophage response to LPS; exposure of cells to 1 ng/ml LPS in the absence of AnxA5 resulted in an 8-fold-increased level of TNF-␣ in the culture medium, whereas preincubation of LPS with AnxA5 at 0.04 g/ml and 0.2 g/ml significantly reduced this effect in a dose-dependent manner (Fig. 4A ).
FIG 1 AnxA5 binding to bacteria. (A) Measurements of AnxA5 binding to
Gram-negative and -positive bacteria. Bacteria were incubated with OGAnxA5 in HBS containing 5 mM CaCl 2 . The bound AnxA5 was dissociated from bacteria with EDTA and measured. The Gram-negative bacteria had markedly higher levels of bound AnxA5 than the Gram-positive bacteria (mean fluorescence intensity Ϯ standard deviation, 114.9 Ϯ 7.9 versus 7.7 Ϯ 1.9). (B) Fluorescence microscopic confirmation of OG-AnxA5 binding to Gram-negative bacteria. Bacteria incubated with OG-AnxA5 were stained strongly with Oregon Green (a, c, and e); bacteria that were pretreated with antibody against the lipid A core of LPS prior to incubation with OG-AnxA5 had markedly reduced Oregon Green staining (b, d, and f) (ϫ1,000 magnification under oil immersion).
AnxA5 also reduced the endotoxin effect of LPS in vivo. Mice that were intravenously infused with LPS (1 g/kg of body weight) that was preincubated with AnxA5 (100 g/kg of body weight) had significantly lower serum TNF-␣ concentrations than mice infused with LPS alone (Fig. 4B) . The TNF-␣ concentrations of the mice infused with LPS plus AnxA5 was similar to mice treated with normal saline or with AnxA5 alone (Fig. 4B ).
To summarize, we found that AnxA5 binds to Gram-negative bacteria via the lipid A portion of LPS and reverses the molecule's endotoxin activity in vitro and in vivo. Binding of AnxA5 to Gramnegative bacteria was evidenced by measurements of the binding of fluorescence-tagged AnxA5 to bacteria and by fluorescence microscopic imaging of bacteria. AnxA5 binding was confirmed to occur via LPS through ligand-binding studies on bacterial extracts and with purified LPS. We showed that this binding occurs via the lipid A core of LPS, which is responsible for the endotoxin activity by demonstrating that antibody against lipid A blocks the binding of AnxA5 to bacteria and also by demonstrating that AnxA5 binds to purified lipid A. Through ellipsometric measurements of the binding of AnxA5 to LPS, we found that binding occurs rapidly, demonstrates a high affinity, and exhibits calcium dependence. We then found that the binding of AnxA5 to LPS affects the endotoxin activity of LPS as reflected by the neutralization of gelation in the LAL assay, the reduction of the release of TNF-␣ by cultured macrophages. Finally, preincubation with AnxA5 also reduced the endotoxin effect of LPS in vivo, as evidenced by the reduction of TNF-␣ levels in the serum of mice injected with LPS.
DISCUSSION
Despite major advances in the understanding of its pathophysiology, septic shock has had a growing impact on morbidity and mortality and has been relatively resistant to newer therapeutic approaches-for a recent concise review, see reference 29. As cited in that review, hospital mortality rates for septic shock, where data are available from international registries, range from 30% to more than 50% (29) . There has been considerable interest in characterizing LPS-binding proteins with an eye toward understanding how these might modulate their biological effects and the ad- ditional potential of finding more effective approaches for treating Gram-negative sepsis (for a recent review, see reference 30). A number of serum proteins have been shown to bind to LPS with divergent effects (31) . It was previously shown that two other annexins-annexin A1 and annexin A2-can bind to purified lipid A but that those annexins do not bind to LPS itself (32) .
The present data showing high-affinity binding of AnxA5 to LPS on Gram-negative bacteria and the reversal of endotoxin activity raise the possibility that the protein plays a role in the host defense against the LPS-induced provocation of the innate (nonadaptive) immune response with its downstream clinical sequelae of Gram-negative endotoxemia by neutralizing LPS in vivo. The fact that, as mentioned above, AnxA5 is highly expressed by cell types that have a barrier function, including vascular endothelium cells (33) , placental trophoblasts (34), biliary, pancreatic, salivary, and renal ductular epithelial cells (16) , and mammary epithelium cells (17) , among others, leads us to speculate that the protein may be concentrated in anatomic locations where it may serve to protect against attack by LPS. Of course, this concept of a biological role for AnxA5 in host defense requires proof by rigorous direct experimentation.
It is also possible that the present findings point to new approaches for addressing Gram-negative sepsis. In view of the disappointments with other candidate LPS inhibitors, we speculate that AnxA5 may be a good prophylactic agent against Gramnegative sepsis or that it may be effective in situations where there may be chronic exposure to LPS, such as ventilator-associated pneumonia.
The high affinity of AnxA5 for LPS and the evidence for its reduction of the glycolipid's endotoxin activity both in vitro and in vivo raise the interesting potential that supplementation with AnxA5 itself, or treatments with modified forms of the protein or analogous compounds, may provide novel targeted therapies for this difficult-to-treat condition.
MATERIAL AND METHODS
Reagents. LPS extracted from P. aeruginosa serotype 10, a diphosphoryl form of lipid A prepared from the LPS of a rough strain of E. faecalis, and AnxA5 purified from human placenta were purchased from SigmaAldrich. The LPS used for the ellipsometry binding studies and for mouse infusion studies was purified by phenol extraction. To further ensure that AnxA5 was binding to LPS, we performed binding studies with LPS that was taken through a second phenol extraction step as previously described (35) . Goat anti-lipid A IgG was purchased from Meridian Life Science, Inc. (Saco, ME). Oregon Green-conjugated AnxA5 (OG-AnxA5) was from Molecular Probes, Inc. (Invitrogen Corp., Carlsbad, CA). Rabbit anti-human AnxA5 IgG was affinity purified as previously described (34) . P. aeruginosa (ATCC 27853), S. putrefaciens (ATCC 8071), H. influenzae (ATCC 49776), E. faecalis (ATCC 25922), S. pyogenes (ATCC 19615), and S. agalactiae (ATCC 19615) were purchased from standard clinical laboratory suppliers.
AnxA5 binding to bacteria. We measured AnxA5 binding using a procedure that we previously described for determining AnxA5 binding to phospholipid suspensions (36) , with some modifications. Briefly, approximately 6 ϫ 10 8 bacteria each of P. aeruginosa, S. putrefaciens, H. influenzae, E. faecalis, S. pyogenes, and S. agalactiae were incubated in duplicate with OG-AnxA5 (1 g/ml) in HEPES-buffered saline (HBS; 0.01 M HEPES, 0.14 M NaCl, pH 7.5) containing 5 mM CaCl 2 (200 l) for 2 h at room temperature. The bacteria were centrifuged at 15,000 g for 10 min at 25°C, supernatants were removed, and pellets were washed once in 1 ml of the calcium-containing buffer and recentrifuged. The pellets 
FIG 4 Effect of AnxA5 on LPS-induced production of TNF-␣ in vitro and in vivo. (A)
In vitro, mouse macrophages treated with 1 ng/ml LPS and 0.2 g/ml AnxA5 produced significantly less TNF-␣ than did cells treated with 1 ng/ml LPS alone and cells treated with a mixture of 1 ng/ml LPS and 0.04 ng/ml AnxA5. (B) In vivo, mice intravenously infused with LPS (1 g/kg of body weight) with AnxA5 (100 g/kg of body weight) had significantly lower serum TNF-␣ levels than mice infused with LPS alone; these levels were not significantly (N.S) different from those of mice infused with control normal saline or with AnxA5 alone.
were then resuspended in HBS containing 10 mM EDTA and incubated for 5 min to dissociate bound AnxA5. The supernatants were transferred to a microtiter plate, and AnxA5 was measured with a SpectraMax M5e microplate spectrofluorimeter (Molecular Devices, Sunnyvale, CA) using an excitation wavelength of 485 nm and an emission wavelength of 535 nm. Fluorescence microscopy studies. Binding of AnxA5 to Gramnegative bacteria was confirmed by fluorescence microscopy. Approximately 3 ϫ 10 7 to 5 ϫ 10 7 bacteria were smeared onto superior adhesive slides (Surgipath), air dried in a biological safety cabinet, rehydrated with HBS, fixed with 5% formalin for 4 min at room temperature, and washed three times in HBS to remove the fixative. The bacteria were then incubated with HBS alone or HBS containing anti-lipid A antibody (50 g/ml) for 1 h and washed three times in HBS. The bacteria were then incubated with OG-AnxA5 (5 g/ml) in HBS containing 5 mM CaCl 2 for 1 h, washed four times in calcium-containing buffer, and mounted with mounting medium (Vector Laboratories, Inc.). The OG-AnxA5-treated bacteria were observed using an Olympus U-SPT Bx60F-3 fluorescence microscope (Diagnostic Instruments, Inc.), and images were obtained at room temperature with a digital camera (model 2.3.0; Diagnostic Instruments, Inc.) and a computer (Dell Dimension 4500) for storing images as TIFF files. The fluorochrome Oregon Green was imaged by excitation at 488 nm, and the images were viewed at ϫ1,000 magnification with a 100ϫ objective lens under oil immersion. All of the images were obtained and processed in the same manner; they were all obtained as grayscale images, saved as TIFF files with Adobe Photoshop CS, and converted to RGB. After deletion of blue and red channels, the background was adjusted to black. There was no further processing of the images.
Ellipsometry studies. Binding of AnxA5 to purified LPS was observed in real time using a thin-film ellipsometer (Rudolph & Sons, Inc., Fairfield, NJ). LPS (1 mg/ml) was applied to a silicon slide in 1.25 mM CaCl 2 as previously described (37) , and the adsorption of LPS was monitored by ellipsometry. The immobilized LPS layers were flushed with HBS containing 5 mM CaCl 2 or HBS alone, AnxA5 (2 g/ml) was added, and the binding of the protein to the LPS layer was monitored by ellipsometry. After protein adsorption had reached equilibrium, EDTA (final concentration, 10 mM) was added to dissociate LPS-bound AnxA5. Parallel experiments were performed to determine nonspecific AnxA5 binding to background controls in which AnxA5 was applied to a blank silicon slide and protein binding was determined by ellipsometry. Net LPS-bound AnxA5 was then calculated by subtracting the background control from the LPS-bound AnxA5.
To determine the affinity of AnxA5 for LPS, aliquots of AnxA5 were added serially (up to 5 g/ml) in the calcium-containing buffer after the binding of each prior aliquot had reached equilibrium. Based on the measured free AnxA5 and the total amount of AnxA5 added to the LPS layer, traditional graphs plotting LPS-bound AnxA5 versus free AnxA5 were generated and the Langmuir isotherm was fitted to the binding data to determine the K D and maximum binding capacity using SigmaPlot software (SPSS, Chicago, IL).
Dot-immunoblot studies. Binding of AnxA5 to purified LPS and lipid A was studied using a dot-immunoblot method as previously described (38) , with modification. Briefly, purified LPS was applied to polyvinylidene difluoride (PVDF) membrane and incubated for 1 h in a wet chamber. The blots were washed three times in HBS and incubated with 3% bovine serum albumin for 1 h to block nonspecific binding. The blots were then incubated with AnxA5 (2 g/ml) for 1 h, washed, and then incubated with rabbit anti-AnxA5 IgG (1 g/ml), followed by horseradish peroxidase-conjugated goat anti-rabbit antibody (Thermo Scientific, IL); all of the incubations were done in HBS containing 5 mM CaCl 2 . The blots were then incubated with an enhanced chemiluminescence substrate (Thermo Scientific) for 5 min and scanned using a Kodak Image Station 4000R (Carestream Health, Inc.) to visualize the binding of AnxA5.
Parallel studies were performed to determine whether the binding of AnxA5 to LPS and lipid A might be inhibited by antibody against lipid A in which the blots were incubated with anti-lipid A IgG (50 g/ml; Sigma) for 1 h prior to incubation with AnxA5. The binding of AnxA5 to LPS and lipid A was then detected as described as above.
LAL test. The effect of AnxA5 on the endotoxin effect of LPS was investigated using the standard LAL test as previously reported (26), with minor modification. Briefly, after adding various concentrations of LPS in HBS (200 l) containing 5 mM CaCl 2 to single test vials (STVs) of Pyrotell (Associates of Cape Cod, Inc.), it was determined that a positive test was obtained with 0.05 ng/ml LPS. Various concentrations of AnxA5 (0 to 10 g/ml) were then added to this concentration of LPS and mixed thoroughly, the STVs were immediately placed in a dry block incubator (Thermolyne Dri-bath; Thermo Scientific) at 37°C for 60 Ϯ 2 min, and after the incubation period, gel formation in the STVs was inspected according to the manufacturer's instructions.
Effects of AnxA5 in vitro on LPS-induced TNF-␣ production. Since LPS is known to stimulate macrophages to produce TNF-␣ (27, 28), we studied whether in vitro the binding of AnxA5 to LPS might affect LPSinduced TNF-␣ production by a mouse macrophage cell line named RAW 264.7 (American Type Culture Collection). Pilot experiments indicated that treatment of RAW cells with 1 ng/ml LPS increased TNF-␣ levels 8-fold over those in buffer-treated RAW cells. We therefore used this LPS concentration for the studies described below.
RAW cells were seeded into the wells of a 96-well tissue culture plate (Becton Dickinson Labware) at a density of 1 ϫ 10 4 /well in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum and antibiotics (Gibco), maintained in an incubator (Isotemp; Fisher Scientific) containing 5% carbon dioxide and 95% humidified air at 37°C for 18 h, washed three times, and cultured in serum-free DMEM for 1 h. AnxA5 (0.02 g/ml and 0.4 g/ml, respectively) and LPS (1 ng/ml) were added to serum-free DMEM and incubated at 37°C for another 1 h in a rotating incubator (Isotemp, Fisher Scientific). The cells were then treated with AnxA5-LPS-containing, serum-free DMEM (100 l/well) versus serum-free DMEM that included 1 ng/ml LPS and control serum-free DMEM containing buffer (HBS) without LPS or AnxA5 for 24 h. The conditioned media were collected, and the levels of TNF-␣ were determined using a mouse TNF-␣ enzyme-linked immunosorbent assay (ELISA) kit (eBioscience Inc., San Diego, CA) according to the manufacturer's instructions.
Effects of AnxA5 on LPS-induced TNF-␣ production in vivo. We also investigated whether AnxA5 might alter the endotoxin effects of LPS in vivo. All procedures were conducted in accordance with NIH regulations concerning the use and care of experimental animals and approved by the Albert Einstein College of Medicine animal use committee. C57BL/6 mice were housed in the pathogen-free barrier facility at the Albert Einstein College of Medicine. Mixtures of AnxA5 (20 g/ml) and LPS (0.2 g/ml) in normal saline were incubated at 37°C for at least 1 h on a rotator prior to injection of the mice. Pilot experiments showed that treatment of mice with 1 g/kg LPS raised serum TNF-␣ levels 40-fold above those of normal, saline-treated mice. We therefore used this LPS concentration for the studies described below.
Eighteen C57BL/6 mice 9 to 10 weeks old were randomly divided into 3 groups (n ϭ 6; 3 male and 3 female). LPS (1 g/kg of body weight) plus AnxA5 (100 g/kg of body weight), LPS alone (1 g/kg of body weight), normal saline alone, or AnxA5 alone was injected intravenously at the same volume. After 4 h, the mice were sacrificed and blood was collected by cardiac puncture under anesthesia. The concentration of TNF-␣ in the serum was determined by ELISA as described above.
Statistical analyses Statistical analyses were performed using unpaired t tests with GraphPad InStat (GraphPad Software, San Diego, CA).
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